
การวิเคราะหสมบัติเชิงโครงสรางของแกลเลียมไนไตรดที่ปลูกลงบนแกลเลียมอารเซไนด โดยวิธี
เอมโอวีพีอี ดวยกลองจุลทรรศนอิเล็กตรอนชนิดสงผาน 

 
 
 
 
 
 
 
 
 
 
 

นางสาวศิริเพญ็ สวนดอน 
 
 
 
 
 
 
 
 
 
 
 

วิทยานิพนธนี้เปนสวนหนึ่งของการศึกษาตามหลักสูตรปริญญาวิทยาศาสตรมหาบัณฑิต 
สาขาวิชาฟสิกส ภาควิชาฟสิกส 

คณะวิทยาศาสตร   จุฬาลงกรณมหาวิทยาลยั 
ปการศึกษา 2548 

ISBN 974-17-4382-3 
ลิขสิทธิ์ของจุฬาลงกรณมหาวิทยาลัย 

http://www.pdffactory.com


STRUCTURAL PROPERTY ANALYSIS OF GaN GROWN ON GaAs BY

MOVPE USING TRANSMISSION ELECTRON MICROSCOPY

Miss Siripen Suandon

A Thesis Submitted in Partial Fulfillment of the Requirements

for the Degree of Master of Science Program in Physics

Department of Physics

Faculty of Science

Chulalongkorn University

Academic year 2005

ISBN 974-17-4382-3









vi

Acknowledgements

I would like to sincerely express my gratitude to my advisor, Dr.Sakuntam

Sanorpim and Assistant Professor Dr.Kajornyod Yoodee for their valuable sug-

gestion and encouragement. They gave me good experiences, such as working

with good guidance, participating in an international conference (presentation) in

Singapore, and English writing (journal and thesis).

I would like to thank the Condensed Matter Research Group (CMRG) for

the facilities. Especially, I would like to pay respective thank to Dr.Sojiphong

Chatraphorn who provided the convenient office for making this thesis.

I would like to thank Associate Professor Dr.Wichit Sritrakool, Dr.Thiti

Bovornratanaraks, and Dr.Orapin Wannadelok for taking times from their busy

schedules to be on my thesis committee. Their comments on this thesis are also

greatly appreciated. I wish to thank Assistant Professor Dr. Sukkaneste Tungas-

mita and Assistant Professor Dr.Patcha Chatraphorn for useful suggestion and

additional information to support my work.

I would like to acknowledge the financial supports from the Thailand-Japan

Technology Transfer Project-Overseas Economic Cooperation Fund (TJTTP-OECF)

and Graduate Schools of Chulalongkorn University for paying fund for this thesis.

I would like to acknowledge Department of Physics, Faculty of Science, Chu-

lalongkorn University for providing teaching assistantship. Special thank goes to

Dr.Kentaro Onabe, Department of Advanced Materials Science, Graduate Schools

of Frontier Sciences, The University of Tokyo, Japan for providing the great sample

to analyze and correcting my manuscripts.

I would like to thank my gang, Ying, Ann, Am, Nui, Tew, Dares Kwang,

Tai, Am, Art, Kai, Kae, Nong, Gade, Toy, Kan, Bee, Pu, Mod and many friends

for useful discussions and joyful moment. Especially, I also thank Pat, Pun, Chin,

Ud and Sun for helps and suggestion to use Latex for writing this thesis.

Last but not least, I would like to pay my heartfelt thanks to my family ; my

father, mother, my sister and Nong-Earn for love, understanding and supports.



Table of Contents

Abstract (Thai) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv

Abstract (English) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

Table of Contents. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

Chapter

I Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Overviews of GaN . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Objectives and organization of the thesis . . . . . . . . . . . . . . . 5

II Transmission electron microscopy (TEM) . . . . . . . . . . . . . . . . . . . . . . 7

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 System and principle of TEM . . . . . . . . . . . . . . . . . . . . . 8

2.3 Preparation of semiconducting sample for TEM . . . . . . . . . . . 9

2.3.1 Cross-sectional preparation . . . . . . . . . . . . . . . . . . . 10

2.3.2 Plan-view preparation . . . . . . . . . . . . . . . . . . . . . 13

2.4 Analytical theory of TEM . . . . . . . . . . . . . . . . . . . . . . . 14

2.4.1 Image mode . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.4.2 Diffraction mode . . . . . . . . . . . . . . . . . . . . . . . . 15



viii

IIIStructural defects in c-GaN film . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.1 Initial investigated results of c-GaN film . . . . . . . . . . . . . . . 26

3.1.1 Surface morphology of c-GaN film . . . . . . . . . . . . . . . 27

3.1.2 Crystal structure of c-GaN grown film . . . . . . . . . . . . 28

3.2 TEM investigations of c-GaN film . . . . . . . . . . . . . . . . . . . 29

3.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

IV Generation of h-GaN in c-GaN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.1 Initial investigated results of c-GaN films . . . . . . . . . . . . . . . 34

4.1.1 Effect of growth temperature on crystal structure . . . . . . 35

4.1.2 Correlation between luminescence properties and crystal struc-

ture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.2 TEM investigations of c-GaN films . . . . . . . . . . . . . . . . . . 38

4.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

V Structural phase transtitions in SAG-c-GaN films. . . . . . . . . . . . . . 42

5.1 Overview of SAG-c-GaN . . . . . . . . . . . . . . . . . . . . . . . . 42

5.2 Growth feature of SAG c-GaN . . . . . . . . . . . . . . . . . . . . . 44

5.3 TEM investigation of SAG c-GaN . . . . . . . . . . . . . . . . . . . 45

5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

VI Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

Vitae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57



List of Tables

1.1 Lattice constants, lattice mismatch and thermal expansion coeffients

for substrate materials of c-GaN film . . . . . . . . . . . . . . . . . 4

2.1 Complete the ratio of space tables of some plane for fcc . . . . . . . 25



List of Figures

1.1 Schematic illustration of GaN structural property . . . . . . . . . . 2

1.2 Schematic view of structure of planar defects in c-GaN along (110)

cross-section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1 Schematic illustration of electron signal in a TEM system [24] . . . 8

2.2 a) Cutting instrument low speed diamond wheel saw. b) Cut sample

on the microscope glass. . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 a) Schematic diagram of sticking 2 surface samples. b) Clamped

sample. c) 80◦C heating sample on the hot plate. d) Sample on the

triangle holder compared with a coin as in the figure. . . . . . . . . 12

2.4 a) Diamond films. b) Diamond film on lapping. . . . . . . . . . . . 13

2.5 Ion beam milling machine. . . . . . . . . . . . . . . . . . . . . . . . 14

2.6 The Ewald sphere construction in 2 dimensions. Section through

the sphere of the reflection containing the incident beam vector (~k),

the diffracted beam vector ( ~G) and reciprocal lattice vector (~g240),

corresponding to -2~b1+4~b2 when ~b1 and ~b2 are the reciprocal unit

vectors [25]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.7 Ewald sphere construction in 3 dimensions and the projection of

intersected points on the projecting plane as a diffraction spots.

The intersected points are indicated by arrows. . . . . . . . . . . . . 18

2.8 (a) Location of the reciprocal-lattice axis b3 (b) [hkl] direction in

the reciprocal lattice [25]. . . . . . . . . . . . . . . . . . . . . . . . 19

2.9 Schematic illustration of (a) (200), (b) (020), (c) (002) and (d) (111)

planes in the fcc unit cell and the corresponding reciprocal lattice

points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20



xi

2.10 A sector of the full fcc reciprocal lattice (3-D). The other sectors

can be imagined extending in the directions of the dotted lines. . . 21

2.11 [002] Reciprocal lattice section (2-D) taken from the full reciprocal

lattice. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.12 The scattering of an incident electron beam (I) by a crystal lattice.

In other side of specimen, two kinds of intense beam can be found:

the direct beam (T) and the diffracted beam (D). In other directions

(N) no intense electron beam will be detected. . . . . . . . . . . . . 22

2.13 Diffraction pattern of GaN along [110] zone axis. . . . . . . . . . . . 23

2.14 Schematic illustration of electron diffraction in TEM [28] . . . . . . 24

3.1 Schematic illustration of the GaN layer grown on a GaAs (001)

substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2 SEM cross-sectional micrograph and surface morphology of GaN

epitaxial layer on GaAs substrate at growth temperature ∼900◦C. . 28

3.3 X-ray diffraction profiles of GaN film grown at 900◦C on GaAs (001)

substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.4 TEM results of GaN film and GaAs substrate region at growth

temperature ∼ 900◦C a) Cross-sectional micrograph. b) Electron

diffraction (ED) patterns. . . . . . . . . . . . . . . . . . . . . . . . 30

3.5 Illustrations of possible crystal defects in the c-GaN film at the

(110) cross-section a) Stacking fault b) Hexagonal inclusion c) Twin. 31

3.6 Illustration of planar defects (stacking fault and twin) in the c-GaN

film on GaAs substrate at growth temperature ∼900◦C at the (110)

cross-section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.1 Schematic illustration of the GaN layer grown on a GaAs (001) at

growth temperature of 960◦C . . . . . . . . . . . . . . . . . . . . . 35

4.2 2θ/ω-scan XRD (002) profiles of c-GaN films grown at different

growth temperatures of 900◦C and 960◦C . . . . . . . . . . . . . . . 36



xii

4.3 Low-temperature (5.5 K) PL spectra of the corresponding c-GaN

films at different growth temperatures of 900◦C and 960◦C. . . . . . 37

4.4 Cross-sectional TEM micrographs for the c-GaN layers grown on

GaAs(001) substrates at different growth temperatures of a) 900◦C

and c) 960◦C. b) and d) Corresponding selected area diffraction

(SAD) patterns taken near the <110> zone axis. . . . . . . . . . . 38

4.5 a) Microstructure of the GaN region containing the pyramid-like

structure for the GaN layer grown at 960◦C. b) Selected area diffrac-

tion (SAD) records along <110> c-GaN from the GaN region con-

taining the pyramid-like structure. Schematic representation of Fig.

4.5 b) showing c) and e) hexagonal and d) cubic phase diffraction

spots. Diffraction patterns obtained from the grain boundary re-

gions, showing 70.5◦ rotation of h-GaN crystal around <11-20>. . . 39

4.6 Schematic illustrations of the (110) cross-section view of main crystal-

defects generated in the c-GaN films grown on GaAs (001) sub-

strates at growth temperatures a) 900◦C and b) 960◦C . . . . . . . 40

5.1 A schematic of three types of growth feature for SAG c-GaN grown

using stripe opening along a) [110], b) [1-10] and c) [100] directions,

respectively [33] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.2 Schematic illustration of SAG c-GaN films on stripe patterned GaAs

(001) substrate along the [110] orientation at growth temperature

of 900◦C. W and M indicate the window and SiO2 mask regions,

respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.3 Cross-sectional SEM micrograph of SAG-c-GaN on stripe patterned

GaAs (001) substrtae at growth temperature of ∼900◦C. . . . . . . 45

5.4 Cross-sectional TEM micrograph in the [110]-oriented stripe pat-

tern showing laterally overgrown GaN layer on SiO2 mask. . . . . . 46

5.5 a) Cross-sectional TEM micrograph of GaN on the window (Region

1 in Fig. 5.4) b) Corresponding electron diffraction (ED) patterns

taken near the [110] zone axis. . . . . . . . . . . . . . . . . . . . . . 47



xiii

5.6 a) Cross-sectional TEM micrograph of GaN on the SiO2 mask (Region

2 in Fig. 5.4) b) Corresponding electron diffraction (ED) patterns

taken near the [110] zone axis. . . . . . . . . . . . . . . . . . . . . . 48

5.7 a) Cross-sectional TEM micrographs of top surface region (Region

3 in Fig. 5.4) b) Corresponding selected area diffraction (SAD)

patterns taken near the [110] zone axis. . . . . . . . . . . . . . . . . 48

5.8 (Schematic illustration of the (110) cross-sectional SAG c-GaN layer

grown on the stripe patterned GaAs (001) substrate at the growth

temperature of 900◦C. . . . . . . . . . . . . . . . . . . . . . . . . . 49



CHAPTER I

INTRODUCTION

1.1 Overviews of GaN

Gallium nitride (GaN) is a promising material for optoelectronic devices

because of its unique properties such as its large direct band gap energy, higher

thermal conductivity, large free-exciton and optical-phonon energies. GaN and its

related alloys, for instance InGaN and AlGaN, have become the most favorable III-

V semiconductor for manufacturing blue-ultraviolet light- emitting diodes (LEDs)

and laser diodes (LDs). The successful development of GaN-based blue light LEDs

has made the full color LEDs display possible[1, 2, 3, 4]. Generally, GaN has two

crystal structures: cubic structure (zincblende structure) and hexagonal structure

(wurtzite structure). Figures 1.1 a) and 1.1 b) show schematic illustration of the

cubic structure and the hexagonal structure, respectively. The hexagonal phase

(h-GaN) is stable and commercially available. High quality h-GaN films have been

grown on various substrates, such as sapphire, SiC and Si. On the other hand, the

cubic phase (c-GaN) was theoretically predicted that it has many advantages over

h-GaN [5] because it has higher electron mobility due to weaker phonon scattering

and lower electron effective mass. Moreover, c-GaN has easier cleavage facets

suitable for forming the cavity of the LDs. Therefore, the growth of c-GaN films

with high quality is very necessary to improve the efficiency of the optoelectronic

devices. However, c-GaN is metastable [6, 5] and there is no suitable substrate

material [4] for the growth of c-GaN film. Recently, the c-GaN film has been grown

on a cubic lattice substrate, such as GaAs [7, 8], Si [9], 3C-SiC [10], and MgO [11].

However, the growth of high quality c-GaN is still difficult. It is due to the large
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(2) In particular, the twins in c-GaN (111) plane are structures of special

interest, as they are formed by the insertion of a stacking fault (1 monolayer of

hexagonal) between two single crystalline cubic structures rotated by 60◦ [Fig. 1.2

c)].

However, the inferior crystal quality with the generation of planar defects

obstructs explicating the optical properties of c-GaN. Therefore, it is believed

that the detailed characterization of planar defect formation during the growth of

c-GaN films is important for further device improvement. To improve the quality

of c-GaN grown film, there are several research groups that study and seek for

the affecting parameters, such as growth method, growth condition, substrate ma-

terial, surface morphology of substrate, etc. The achievable growth methods, in

which the c-GaN film was successfully grown, are metalorganic vapor phase epi-

taxy (MOVPE)[15, 16, 17, 18, 19], molecular beam epitaxy (MBE) [12], plasma-

assisted MBE and chemical beam epitaxy (CBE) [20]. However, the MOVPE

growth has been traditionally used to deposite the high quality c-GaN film. Table

Substrate Lattice constant(Å) Lattice mismatch Thermal expansion

material (percent) coefficient(10−6 K−1)

c-GaN 4.52 0 5.59

3C-SiC 4.3596 3.68 3.9

Si 5.430 16.8 3.59

GaAs 5.652 20.0 6.0

MgO 4.216 7.21 10.5

Table 1.1: Lattice constants, lattice mismatch and thermal expansion coeffients

for substrate materials of c-GaN film [21].

1.1 summarizes the lattice constants and thermal expansion of c-GaN and some

substrate materials [21]. As shown in Table 1.1, there is a large difference of lat-

tice constants and thermal expansion coefficients between c-GaN and the substrate

materials. This results in a density of crystal defects, such as stacking fault, twin

and dislocations. In fact, the c-GaN film is achievably grown by MOVPE mainly

on GaAs substrate despite the large lattice mismatch ((∆a/a)∼20 percent). For
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example, Tsuchiya et al. [22] reported the high quality c-GaN films were success-

fully grown on GaAs substrate at the growth temperature about 800◦C. However,

there is a number of crystal defects, which degrade their optical and structural

properties [3]. They concluded that the generation of crystal defects depends on

the V/III ratio during growth and the surface morphology of c-GaN buffer layer

on the GaAs substrate. Although, many affecting parameters were found, in this

work we focus on the main parameters, namely the growth temperature and the

surface orientation of substrate, which may result in the crystal defects formation

during the growth.

1.2 Objectives and organization of the thesis

The major part of this thesis is to describe the micro-(nano-) structure of

the MOVPE-grown c-GaN films on GaAs (001) substrates, with an emphasis

on the formation of the crystal defects, such as stacking faults (SFs) and twins.

Also, the polytype conversion of c-GaN is discussed. Another aim is to develop

an analytical technique of TEM for semiconducting thin films in Thailand. The

thesis is organized as follows.

The current knowledge of the transmission electron microscopy (TEM) tech-

nique is reviewed in the beginning of Chapter 2,. In addition, preparation of the

semiconducting thin film specimen for TEM observation is described in details.

In Chapter 3, the MOVPE growth procedures for high quality c-GaN films

on GaAs (001) substrates are given. The structural properties of the c-GaN film

grown at 900◦C were quantitatively analyzed by x-ray diffraction (XRD), scanning

electron microscopy (SEM) and TEM, focusing particularly on the crystal defects

(such as SFs and twins), which were introduced during the growth.

In Chapter 4, the optical and structural properties of c-GaN films on GaAs

(001) substrate is investigated by photoluminescence, XRD, and TEM. The ef-

fect of growth temperature on the polytype conversion of c-GaN is discussed. In

addition, the crystal defect formations in the films grown at different growth tem-

peratures (900 and 960◦C) are compared. The GaN layers exhibited a transition
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from cubic to mixed cubic/hexagonal phase under conditions of increasing growth

temperature.

Chapter 5 is a continuation of Chapter 4. This chapter focuses on the

correlation between the surface orientation of the top surface of c-GaN and the

extended crystal defects in the GaN films grown on [110]-stripe-patterned GaAs

(001) substrates. A selected area diffraction (SAD) analysis in the TEM was

used to examine the crystal structure of the selected regions. The results demon-

strate that the h-GaN is easily constructed along (111) surfaces of the c-GaN.

The formation of (111) facets on the top surface of c-GaN and on the interface of

c-GaN/GaAs play an important role in growing high cubic-phase purity c-GaN

films without generation of single-crystal h-GaN.

Finally, Chapter 6 gives the conclusions of this thesis.



CHAPTER II

TRANSMISSION ELECTRON

MICROSCOPY (TEM)

2.1 Introduction

There are several methods used to study the morphological and structural

property of thin film such as x-ray diffraction (XRD) and transmission electron

microscopy (TEM), etc. TEM technique has been distinctly demonstrated to be

very useful for morphological and micro-(nano-) structural investigations due to

its high spatial resolution capability and high magnification of more than 100,000

times depending on an accelerating voltage [23]. However, TEM technique still has

a restriction such as complicated operation and difficulty in preparing the sample

and interpreting the results. Considerable skill is also required to operate the

microscope itself, to take high quality micrographs and to interpret the resultant

images. To achieve in this technique, the TEM users have to drastically practice

their sample preparation and have to learn about analytical techniques. In this

chapter, the system and principle of TEM, preparation of sample, and analytical

theory of TEM are described.
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the accelerating voltage, V in kV as following

λ ' 1.22√
V

(2.2)

In light microscopes, the light is focused by the convex light lenses while

in the system of TEM, the electron beam is focused by the magnetic lenses. A

schematic diagram for a typical TEM system is shown in Fig. 2.1. The TEM

system consists of three main components as the following; the first component is a

source of illumination which is electron gun (virtual source), the second component

is a condenser lenses system which projects the radiation on to the specimen and

the third component is a series of imagine lenses which form an image.

A ray diagram for a typical TEM is also shown in Fig. 2.1. Electrons are

produced by thermionic emission from a heated tungsten filament in an electron

gun. They are accelerated, typically to between 100 and 400 kV, by the electron

gun and pass into the column in the anode plate. The electrons are produced

by the electron gun, passing through the double condenser lenses system which

projects the electrons in a nearly parallel beam onto the specimen. In order to

be transparent to the electron beam, the specimen is typically 1000 atoms in

thickness. The electron beam transmitting through the specimen is focused by

four imaging lenses to form a final magnified image on the main screen phosphor.
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2.3 Preparation of semiconducting sample for TEM

The processes of preparation of semiconducting material sample, such as

epitaxial thin films and bulk films, have to be concerned about the preparation

parameters as following; type of abrasive, polishing surface, grid size, lubricant,

polishing speed, force and time, which should be suitable for semiconducting ma-

terials. To obtain information via TEM, the sample is required to be thin enough

for electron transmission. On the other hand, the thickness of about 200 nm must

have enough strength because the sample will be bombarded by a highly focused

beam of single energy electrons. The essential conditions of the prepared sample

for the transmission electron microscope are:

1. The sample must allow sufficient electron transmission to form an image;

with minimum energy loss.

2. The sample must be stable under electron bombardment in high vacuum.

3. The sample must have a suitable size to fit the specimen holder (diameter

3 mm) of the microscope.

4. Any preparatory management should not alter the sample structure at a

level which is noticeable by the microscope.

In general, the preparation techniques of the sample for TEM have two

types: cross-sectional and plan-view techniques. The processes of both techniques

are described as the following.

2.3.1 Cross-sectional preparation

A cross-sectional sample for TEM investigation is usually applied to thin

films on bulk substrate. This provides an information of the phase distribution in

depth and some embedded defect features underneath the loaded surface, which

cannot be observed by the plan-view sample. However, the preparation process of

the cross-sectional sample is highly dependent on the properties of the film and the
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2.4 Analytical theory of TEM

TEM analysis is distinctly necessary to use the TEM technique. In general,

the TEM analysis is nearly individual for each specimen types such as ceramic,

biological cells, bulk materials, heterostructure thin films, etc. In this work, we

focus on analysis of semiconducting thin film. To analyze the investigational re-

sults, the analytical theory, the crystallography knowledge, and material structure

are used. In general, there are two operating modes of TEM. The first one is an

image mode which produces TEM micrographs of the specimen with enough de-

tails in micro-(nano-)structures. The other is a diffraction mode, which produces

diffraction patterns using examination of crystal structure.

2.4.1 Image mode

The image mode is a useful operating mode of TEM because it is used to

study the extended defects in micro- to nano- scale, such as dislocation, stacking

fault, twin, micro voids, boundaries, etc. The image mode shows results in the

form of micrograph generated from the transmitted and diffracted electron beam

hitting on phosphor screen. When an electron diffraction (ED)pattern is projected

onto the phosphor screen, the ED pattern can be used to perform two basic imaging

operations. Normally, the ED pattern contains bright spots which are associated

to the direct and scattered electron beams. If the direct beam (central spot) is

selected, the resultant image is called “bright-field (BF) image”. On the other

hand, if the scattered electron beam is selected, the forming image is called “dark-

field (DF) image”. Typical magnification ranges will be in the range of 25,000× -

100,000×, depending on adjusting the intermediate lenses of the microscope [23].

The BF and DF images are two basic ways to form an amplitude-contrast in

the micrograph. The amplitude contrast (CA) is defined quantitatively in terms of

the different in intensity (4I) between two adjacent areas. I1 and I2 are intensity

of area 1 and area 2, respectively.
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CA =
I1 − I2

I2

=
∆I

I2

, (2.3)

In fact, the contrast in TEM micrograph is seen as different green levels on

phosphor screen which are formed by coming electron (transmitting and scattering

electrons) from different thickness, structure and crystal orientation of the speci-

men. If the contrasts in the image were found in some area, it could be primary

demonstrated either an appearance of the defects or a difference in orientation of

two regions. However, the results must be based on the structural property of

material as well as the initial results of previous investigations.

2.4.2 Diffraction mode

The diffraction mode in TEM demonstrates a result in a form of diffrac-

tion pattern. The diffraction pattern occurs from the transmitting and diffracting

electrons that pass through a thin specimen and then interfere on the phosphor

screen as the spots which are called “diffraction spot”. The arrangement of diffrac-

tion spot in 2 dimension is called “electron diffraction (ED) pattern”. Therefore,

the crystallographic structures (crystal orientation, crystal structure, and lattice

parameter) can be deduced by the ED pattern.

Ewald’s sphere construction

In 1913 Peter Ewald has published details of a geometrical construction

which has been used ever since to understand the diffraction patterns. When the

electron beam hits a crystal plane, Ewald’s sphere shows sets of planes which close

to their Bragg angles for diffraction to take place. The incident wave (~k) incident

on a crystal plane as shown in Fig. 2.6.

The crystal plane is represented by its reciprocal lattice ~g, with the origin

O. The incident electron beam is represented by a reciprocal vector ~k, ending at

the origin O. A circle with radius 1/λ is constructed, passing through the origin

O which indicated by black dotted line. Wherever, a reciprocal point touches the
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RA

RB hkl {111} {200} {220} {311} {222} {400}
{111} 1 1.16 1.63 1.91 2 2.31

{200} 0.87 1 1.41 1.66 2.45 2.83

{220} 0.61 0.71 1 1.17 1.22 1.41

{311} 0.52 0.60 0.85 1 1.04 1.21

{222} 0.50 0.58 0.82 0.96 1 1.15

{400} 0.43 0.50 0.71 0.83 0.87 1

Table 2.1: The spacing ratios of some planes for fcc structure.

so, for [220] and [111] vectors

[220]·[111] = |[220]| × |[111]| cos θ (2.17)

and check with the measured angle, θ in Figure 2.13. If the measured angle agrees

with the calculated angle, the indexing will be accepted. In this case, the measured

θ is 35.2 degree, while the calculated θ is 35.26 degree. It confirms the results of

indexing. To complete indexing, the orientations of sample from the growth must

be used. Moreover, if the camera length and the measured spacing R are known,

then the lattice parameter a can be determined using the angle approximation

method, Eq. 2.13 and Eq. 2.9. In addition, if the electron beam are diffracted from

a high quality crystal plane (perfectly parallel plane) in real space, the diffracted

spots will be formed as a single round spot. On the other hand, the spot with

streak is formed by the diffracted electron beam from low quality crystal plane

(unparalleled plane) which might corresponds to the formation of some planar

defects.
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In this part, initial investigated results of c-GaN grown film, such as surface

morphology and crystal structures, are discussed. In this study, the investigated

c-GaN film was grown on the GaAs (001) substrate by metalorganic vapor phase

epitaxy (MOVPE) using trimethygallium (TMGa), dimethylhydrazine (DMHy)

and Arsine (AsH3), as the source materials of Ga, N and As, respectively. The

detailed sample structure is shown schematically in Fig. 3.1.

To prevent the surface roughening of the GaAs substrate, the growth was

initially started on the GaAs (001) substrate with a 100 nm-thick GaAs buffer

layer at 700◦C. For the GaAs buffer layer, the V/III ([AsH3]/[TMGa]) ratio was

fixed to be 100. Then the temperature was reduced and stabilized at 575◦C for

the growth of a 20 nm-thick c-GaN buffer layer. Finally, a c-GaN main layer was

grown at growth temperature of about 900◦C. The V/III ([DMHy]/[TMGa]) for

the c-GaN buffer and main layers were 100 and 25, respectively. The thickness

of the c-GaN main layer was determined to be about 1.5 µm. An overview of

structural properties (morphology and crystal structures) of the MOVPE grown

c-GaN film was obtained by SEM and XRD measurements.

3.1.1 Surface morphology of c-GaN film

Figure 3.2 shows cross-sectional SEM image of the MOVPE grown c-GaN

film on GaAs (001) substrate. It is clearly seen in the Figure that the thickness of

c-GaN layer is about 1.5 µm. Many micro-voids were observed at the GaN/GaAs

interface. The reason for occurrence of the micro-voids is considered to be the

desorption of surface atoms at high growth temperature (900◦C). The situation

is similar for the GaP substrate [26]. Even though, the c-GaN surface is mirror-

like to the eye, its SEM image shows rough surface morphology with triangular

domains. In addition, the patterned roughness on the surface of the film is no-

ticeably observed. Continuality of the striped roughness pattern from the (001)

surface to (110) cross-section of the c-GaN is clearly seen as indicated by dashed

red-line. This indicates that some planar defects may have incorporated in the

c-GaN layer.
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3.3 Summary

From the cross-sectional TEM observation of the GaN layer grown by MOVPE on

GaAs (001) substrate, the following results concerning the micro-(nano-) structure

of GaN were obtained.

(1) The GaN grown layer has a cubic structure (c-GaN) with an epitaxial

orientation relationship with the GaAs (001) substrate.

(2) The microstructure is characterized by a high density of planar defects,

namely SFs and twins, close to the c-GaN/GaAs interface, which results in streak-

ing of diffraction spots on the ED pattern. The SF-region in c-GaN layer tends

to have a 2H-like-structure, i.e., a hexagonal structure or h-GaN.

(3) The lattice of c-GaN is almost strain-relieved. Based on the XRD results,

the lattice parameter of c-GaN was calculated to be acub = 4.51 Å.

(4) No indication of hexagonal phase inclusion was observed.

Finally, we have demonstrated that the main structural defects in the c-GaN

grown layer are SF and twin defects.



CHAPTER IV

GENERATION OF h-GaN IN

c-GaN

In this chapter, the generation of hexagonal phase GaN (h-GaN) in c-GaN

films is described from the viewpoint of crystal structure control. The effect of

growth temperature in the MOVPE grown c-GaN films has been investigated. It

is found that the polytype transition of GaN from cubic to hexagonal phases is

greatly dependent on the growth temperature. Finally, the influence of growth

temperature on the generation of planar defects (stacking faults and twins) and

single phase h-GaN in the c-GaN films is also discussed.

4.1 Initial investigated results of c-GaN films

In this study, the c-GaN layers were grown on semi-insulating (SI) GaAs

(001) substrates at temperature ranging from 900 to 960◦C by metalorganic vapor

phase epitaxy (MOVPE), which has been described elsewhere [15, 29]. Figure

4.1 shows schematic illustration of the GaN grown film at growth temperatures

of 900 to 960◦C. Trimethylgallium (TMGa) and 1,1-dimethylhydrazine (DMHy)

were used as the precursors of Ga and N, respectively. The c-GaN films were

grown using a two-step growth process. An about 100 nm thick GaAs buffer layer

was firstly grown at 700◦C, followed a 20 nm thick c-GaN buffer layer at 575◦C

with a V/III ratio of 100. Then an about 1.5 µm thick c-GaN film was grown at

900-960◦C with a V/III ratio of 25. The growth rate was 6 µm/h determined by

the TMGa molar flow rate of 18 µmol/min.
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inclusions in the c-GaN at high growth temperature, comparing with that of the

stacking faults in the c-GaN at 900◦C, as shown in Fig. 4.6 a). It also appears

that the h-GaN seeds in the pyramid-like structure area rotated by 70.5◦ to each

other around the <11-20> axis (Figs. 4.5 c) - 4.5 e)). The boundary plane was

parallel to {3-308} plane of both sides of the h-GaN crystal seeds (Fig. 4.5 a)),

showing a symmetric tilt boundary. In addition, the boundary is shown as a red

line in Fig. 4.6.

The observations described above demonstrate that the growth temperature

much affect the selection of the growth of cubic and hexagonal structures. It is

plausible that the cubic-to-hexagonal polytype transition can be controlled by an

appropriate growth temperature as well as by crystal symmetry of substrate sur-

faces. In fact, we found that the c-GaN layers grown on GaAs (001) substrates at

the growth temperature about 900◦C prior to the growth of GaN, c-GaN without

mixing with a single crystal hexagonal phase can be obtained [15, 32].

4.3 Summary

The effect of growth temperature on the polytype translation of GaN grown

on GaAs (001) substrates by MOVPE were been investigated. It was found by

XRD measurements and TEM observations that the GaN grown layers exhibited

a transition from cubic to mixed cubic/hexagonal phase under conditions of in-

creasing the growth temperature from 900 to 960◦C. The GaN films with the cubic

phase purity higher than 85 percent were achieved for the low growth temperature

of 900◦C [30]. For such high cubic phase purity GaN layers, no different types of

single diffraction spots, indicating the incorporation of single-crystal h-GaN, on

the SAD pattern was observed. In addition, the PL from these GaN layers con-

firms the existence of transition from cubic to hexagonal phases in microstructure

of the GaN grown layers as the growth temperature increased. We suggest that

the growth temperature is a key parameter in the growth of high cubic phase

purity c-GaN films without incorporation of single-crystal h-GaN.



CHAPTER V

STRUCTURAL PHASE

TRANSITIONS IN SAG-c-GaN

FILMS

In this chapter, the selective-area grown cubic GaN (SAG-c-GaN) film was

selected to investigate correlation between the generation of h-GaN and the growth

features of SAG c-GaN film. In this study, the SAG-c-GaN film, h-GaN was fab-

ricated along (111) c-GaN surfaces. The film composed of (311) and (111) facets

as the top surface and the sidewalls, respectively, was characterized by scanning

electron microscopy (SEM) and transmission electron microscopy (TEM). It was

found that the single crystal h-GaN was laterally overgrown on the (111) c-GaN

surfaces during the growth, indicating that h-GaN is easily constructed along (111)

facets. In addition, the characteristics of the single-crystal GaN regions, obtained

by selective-area and subsequent lateral overgrowth on the stripe-patterned GaAs

(001) substrates by MOVPE, is described.

5.1 Overview of SAG-c-GaN

A selective-area growth (SAG) is the method of epitaxial growth on par-

tially masked substrates. There are many experimental data proving that the

SAG reduces dislocation density by blocking the dislocation propagation from the

substrate using oxide masks [33, 34]. The parts of SAG layers grown laterally

are nearly defect-free in spite of a high density of dislocation in the layer grown

















CHAPTER VI

CONCLUSIONS

In this thesis, the author was described a detailed study of the structural

properties of the c-GaN films grown on GaAs (001) substrates by MOVPE. The

transmission electron microscopy (TEM) analysis was mainly used to investigate

the main structural defects in the GaN films. The discussion was focused on the

c-GaN films with high cubic phase purity, where several experimental works have

been done. As a result, fundamental understanding of the defect generation in

the c-GaN films were obtained. The main results and conclusions obtained in this

study are summarized as follows:

(1) The preparation of the c-GaN/GaAs samples for TEM investigation was

studied and described. The large different hardness between two regions of the

sample, namely the c-GaN layer and the GaAs substrate, was carefully taken to

obtain the sample thickness in micro-scale with the smooth morphology. The

prepared samples had essential conditions for TEM investigation.

(2) The structural defect in the c-GaN film grown at low growth tempera-

tures of 900-920◦C was mainly analyzed from electron diffraction (ED) patterns

and cross-sectional micrograph of TEM measurements. The results demonstrate

that the GaN grown film has a cubic structure, which is confirmed by the ratio of

the integrated ω-scan XRD intensities of the cubic (002) and hexagonal (1-101)

planes. It is also confirmed that the cubic phase purity higher than 85 percent

was achieved. On the other hand, a high density of planar defects such as stacking

faults and twins on the 111 cubic plane were clearly observed. This result suggests

that the main defects in such high cubic-phase-purity GaN films are the stacking

faults and twins. It is important to note that no indication of h-GaN single crystal
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was observed in this c-GaN film.

(3) The polytype transition of GaN grown on GaAs (001) substrates by

MOVPE were investigated. It was found by XRD measurements and TEM ob-

servations that the GaN grown layers exhibited a transition from cubic to mixed

cubic/hexagonal phase under the condition of increasing the growth temperature

from 900 to 960◦C. The GaN films with the cubic phase purity higher than 85 per-

cent were achieved for the low growth temperature of 900◦C. For such high cubic

phase purity GaN layers, no different types of single diffraction spots, indicating

the incorporation of single-crystal h-GaN, on the SAD pattern was observed. In

addition, the PL from these GaN layers confirms the existence of transition in

microstructure of the GaN grown layers as the growth temperature increased. It

is suggested that the growth temperature is a key parameter in the growth of high

cubic phase purity c-GaN films without incorporation of single-crystal h-GaN. Our

results demonstrate that the main defects in c-GaN films grown at high growth

temperature (960◦C) are SFs, twins and hexagonal phase inclusion.

(4) To investigate structural phase transition from cubic to hexagonal struc-

tures, the SAG c-GaN film with (111) surface morphologies grown on the stripe-

patterned GaAs (001) substrate at low growth temperature of 900-920◦C was stud-

ied by TEM. The SAD patterns illustrated the (1-11)c−GaN//(000-2)h−GaN and

[110]c−GaN//[11-20]h−GaN . It is confirmed that h-GaN considerably constructed

along the (111) facets of c-GaN even at low growth temperature (900◦C). The

result in this part clearly demonstrate that the formation of (111) facets during

the growth is more important parameter for the growth of the c-GaN films with

high cubic-phase-purity than the growth temperature.

As shown by these results, the structural defects in the c-GaN films grown

on GaAs (001) substrate are stacking fault and twin as well as hexagonal inclusion.

It is found that the growth temperatures and the grown surface morphologies are

mainly affecting parameters on the hexagonal phase generation in the c-GaN film.

To grow high quality c-GaN film without incorporation of hexagonal inclusion,

the appearance of {111} facets on the grown surface should be eliminated during

the growth. The growth should be also performed at an appropriate growth tem-
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perature (900-920◦C). The results obtained here can be used not only to interpret

the c-GaN films; but may also be extended to explain the structural properties of

other III-Nitride semiconductors. Hopefully, the obtained information is very use-

ful for the full understanding of mechanism of defect generation in the III-Nitride

based devices. Further work is still necessary to fully clarify the affecting pa-

rameters on the hexagonal phase generation in the thin film growth of III-Nitride

semiconductors.
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